INTRODUCTION
Down syndrome (DS), caused by human trisomy 21, is the most frequent live-born human chromosomal disorder, occurring in one in 700-800 newborns (1) (2) (3) . Owing to its polygenic basis, the phenotypes of this genomic disorder are involved with several major organ systems. Among them, abnormalities of the nervous system are one of the most important burdens † The authors wish it to be known that, in their opinion, the first three authors should be regarded as joint First Authors. ‡ Present address: Institute of Membrane and Systems Biology, University of Leeds, Leeds LS2 8JT, UK. * To whom correspondence should be addressed. Tel: +1 7168451099; Fax: +1 7168451698; Email: yuejin.yu@roswellpark.org # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org for patients. DS is the most common genetic cause of mental retardation (4, 5) . The average IQ of individuals with DS is significantly lower than normal (5, 6) . Cognitive deficits include impairment in spatial memory and long-term memory as well as difficulties in acquiring new skills (4, 7, 8) . Neuropsychological tests have shown that adolescents with DS exhibit deficits in hippocampal functions (4, 9) . Other neurological abnormalities include hydrocephalus (10) and Alzheimer-type neuropathological alterations (11, 12) . Relatively little is known of the molecular mechanisms underlying cognitively relevant phenotypes in DS, and no treatments have yet proven effective.
To understand the molecular mechanisms of cognitive dysfunction in DS, the mouse has been used extensively as a model organism, which is based on the syntenic conservation between human and mouse genomes (Fig. 1) . One group of mouse models was generated to carry Hsa21 or a fragment of it (13, 14) . Tc1 is currently the most desirable strain from this trans-species group, carrying Hsa21 with only two small deletions in which 8% of Hsa21 genes are deleted. However, the random loss of this human chromosome during mouse development resulted in variable levels of mosaicism of the human chromosome in different tissues (13) . Nevertheless, the presence of the human chromosome in mice causes impaired cognitive behaviors and hippocampal long-term potentiation (LTP) (13) , an activity-dependent, sustained increase in the efficacy of synaptic transmission in the hippocampus, which is viewed as an important cellular manifestation of learning and memory (15 -18) . The other group of models carries three exact copies of mouse syntenic regions of Hsa21 in various sizes. Ts65Dn is the most widely used model from this group (19) . Ts65Dn mice are trisomic for 13.4 Mb of the Hsa21 syntenic region on Mmu16, which contains approximately 99 orthologs of Hsa21 genes (20, 21) . However, the entire Hsa21 syntenic region on Mmu16 spans 22.9 Mb and contains 115 Hsa21 gene orthologs ( Fig. 1 Tables S1 and S3 ). For the Hsa21 gene orthologs that are not triplicated in Ts65Dn, some are known to play roles in regulating neuronal functions, such as S100b (22) and Trpm2 (23, 24) , and others have unknown functions, so their effects on the central nervous system cannot be excluded. More importantly, a recent study showed that the triplication of 12 genes located within the Hsa21 syntenic region on Mmu17 results in a significant increase in hippocampal LTP (25) . Therefore, the Hsa21 gene orthologs that are not triplicated in Ts65Dn may contribute significantly to the cognitively relevant phenotypes related to DS.
Because of the potential species-specific differences between Hsa21 and the mouse syntenic regions, the transcriptional regulations of the Hsa21 gene orthologs and the interactions of the proteins encoded by these orthologs in a trans-species mouse mutant may be different from those in a mouse mutant carrying three copies of a mouse syntenic region, even if the triplicated regions carry the same orthologous genes in both mutants. Therefore, we decided, in this study, to generate a mouse model trisomic for all three Hsa21 syntenic regions and to analyze the impact of the simultaneous presence of the three segmental trisomies on the cognitively relevant phenotype.
RESULTS

Generation of a mouse model of DS trisomic for all the Hsa21 syntenic regions
The Prmt2 and Pdxk genes are located at the proximal and distal ends of an 2.3 Mb region on Mmu10, respectively, which is syntenic to the distal part of human 21q22.3 ( Fig. 1 ). This mouse syntenic region contains 41 genes orthologous to their counterparts on Hsa21 (Supplementary Material, Table S1 ) (http://www.ensembl.org; http://genome.ucsc.edu). The Abcg1 and Rrp1b genes are located at the proximal and distal ends of an 1.1 Mb region on Mmu17, respectively, which is syntenic to the proximal part of human 21q22.3. This mouse syntenic region contains approximately 19 genes orthologous to their counterparts on Hsa21 (Supplementary Material, Table S3 ) (http://www.ensembl.org; http://genome.ucsc.edu). To generate a duplication of the syntenic region on Mmu10, we targeted loxP to regions proximal to Prmt2 and distal to Pdxk in the genome of AB2.2 mouse embryonic stem (ES) cells ( Fig. 2A) . Dp(Prmt2-Pdxk)1Yey, abbreviated as Dp(10)1Yey or Ts2Yey, was generated by transfecting a Cre-expression vector into double-targeted ES cells ( Fig. 2A ; see Materials and Methods). A similar strategy was used to generate Dp(Abcg1-Rrp1b)1Yey, abbreviated as Dp(17)1Yey or Ts3Yey, by targeting loxP to regions proximal to Abcg1 and distal to Rrp1b, in AB2.2 ES cells ( Fig. 2E ; see Materials and Methods). The mutant ES cells carrying Dp(10)1Yey or Dp(17)1Yey were used to generate Dp(Prmt2-Pdxk)1Yey or Dp(Abcg1-Rrp1b) germ-line Human Molecular Genetics, 2010, Vol. 19, No. 14 2781 chimeras, respectively. The constitutional mouse mutants carrying the desired chromosomal duplications were generated by crossing the chimeric males with C57BL/6J females, and their genotypes were confirmed by Southern blot analysis ( Fig. 2B and F) and fluorescent in situ hybridization (FISH) (Fig. 2C, D , G and H). Dp(10)1Yey/+, Dp(17)1Yey/+ as well as Dp(16)1Yey/+ (i.e. Ts1Yey) (26) mice were backcrossed to wild-type C57BL/6J mice for five generations. After Dp(10)1Yey/+, Dp(16)1Yey/+ and Dp(17)1Yey/+ mice were established, we used the standard breeding strategy to generate compound mutant mice carrying two different duplications and then used these compound mutants to cross with the mutant carrying the third duplication to generate Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ (i.e. Ts1Yey; Ts2Yey;Ts3Yey) mice. Dp(10)1Yey/+;Dp(16)1Yey/+;Dp (17) 1Yey/+ embryos were present at a normal Mendelian ratio at E18.5. However, 26% of them died soon after birth, which is similar to the neonatal mortality rate of the Dp(16)1Yey/+ model. Our preliminary result showed that the Dp(10)1Yey/+; Dp(16)1Yey/+;Dp(17)1Yey/+ model has DS-associated heart defects with a frequency similar to that of the Dp(16)1Yey/+ model (26) (Yu et al., unpublished data). The neonatal survival rates are similar among Dp(16)1Yey/+, Dp(10)1Yey/+; Dp(16)1Yey/+, Dp(16)1Yey/+;Dp(17)1Yey/+ and Dp(10)1 Yey/+;Dp(16)1Yey/+Dp(17)1Yey/+ models. Dp(10)1Yey/+, Dp(17)1Yey/+ and Dp(10)1Yey/+;Dp(17)1Yey/+ models have a neonatal survival rate similar to that of the wild-type littermates. From the 172 progeny resulting from such a breeding scheme, 74% of the expected number of Dp(10)1Yey/+; Dp(16)1Yey/+;Dp(17)1Yey/+ mice survived at weaning. The individual duplications in Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ embryos or mice were identified by Southern blot analysis ( Fig. 2B and F) (26) . The genotype was confirmed by Agilent microarray-based comparative genomic hybridization (CGH) using DNA isolated from a male Dp(10)1Yey/+; Dp(16)1Yey/+;Dp(17)1Yey/+ mouse. As shown in Fig. 2I and J, mouse array CGH accurately detected single-copy duplications located in the Hsa21 syntenic regions on Mmu10, Mmu16 and Mmu17 by 343, 2, 141 and 166 oligonucleotide probes, respectively.
Using Taqman real-time quantitative PCR, we analyzed the mRNA levels for five and two genes duplicated in Dp(10)1Yey/+ mice and Dp(17)1Yey/+ mice, respectively, and showed, similar to Dp(16)1Yey/+ mice (26) , that the duplications led to elevated mRNA levels in the brain for the genes located in the rearranged intervals (Table 1) , reflecting gene-dosage increases associated with the duplications.
Impairment of hippocampal-mediated learning and memory
To examine the effect of Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ on hippocampal-mediated learning and memory, we examined the mutant mice in the Morris water maze tasks. In the hidden platform version, while latency in finding the platform significantly decreased with training for both the mutant mice and the wild-type littermates (P , 0.01), the mutant mice had a significantly longer average latency (P , 0.01) (Fig. 3A) . The difference in latency may be partially explained by the slower swimming speed of the mutant mice (P , 0.01) (Fig. 3B) . Importantly, our results showed that the mutant mice took a longer path-length to locate the platform (P , 0.05) (Fig. 3C) . Furthermore, in the probe test on the day after the training period, the mutant mice spent a significantly shorter time in the target quadrant (northeast, NE) than did the wild-type littermates (P , 0.05) (Fig. 3D) . These results provide evidence that the mutant mice are impaired in spatial learning and memory. The slower swimming speed of the mutant mice may be caused by a muscle-strength deficit, a characteristic of patients with DS (27) (28) (29) . To examine this possibility, we analyzed the grip strength of the mutant mice. Our results show that Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ mice are impaired in the grip strength of the forelimbs and all limbs (P , 0.05) (Fig. 4) .
We performed additional tests to assess hippocampalmediated cognitive behaviors. In the contextual fearconditioning test, the mutant mice had a normal baseline freezing level prior to presentation of the foot shock (P . 0.05; Fig. 5 ). Both the mutant mice and the wild-type littermates increased their freezing behavior after being returned to the test chamber 24 h after the initial training and foot shock, but the mutant mice froze significantly less (P , 0.01, Fig. 5 ). After the 24 h context test, the context of the test The values represent the means of triplicated samples. Gapdh was used as an internal control and is disomic in all strains. chamber was altered, as described in Materials and Methods.
The freezing levels of all strains in the altered context were similar (P . 0.05) and were significantly lower than their freezing levels earlier when they were exposed to the original context. This result suggests that none of the mouse strains exhibited generalized freezing in all conditions (30) . Seventy-two hours after the initial training, the mice were returned to the original test chamber for the additional context test, and the mutant mice again exhibited a decreased freezing level (P , 0.01, Fig. 5 ). The foot-shock sensitivity test showed that there was no difference in the mean threshold of the current to elicit flinching or vocalizing between the mutant mice and the wild-type littermates (P . 0.05) (Fig. 6 ). These results indicate that the mutant mice were impaired in context-associated learning.
Impairment of hippocampal LTP
To explore the physiological basis of cognitive dysfunction in Dp(10)1Yey/+;(16)1Yey/+;Dp(17)1Yey/+ mice, we performed in vitro analysis of hippocampal synaptic transmission and plasticity by carrying out electrophysiological recordings in the CA1 region of the hippocampus in brain slices. First, we assessed the basal synaptic transmission by analyzing field excitatory postsynaptic potentials (fEPSPs) evoked by stimuli of various intensities and found no differences in the stimulus-intensity/response curve (i.e. input/output curve) between the mutant mice and the wild-type littermates (P . 0.05; Fig. 7A ). To examine presynaptic function, we compared paired-pulse facilitation exhibited by Dp(10)1Yey/+; (16)1Yey/+;Dp(17)1Yey/+ mice and the wild-type littermates and found the genotype has no significant effect on this shortlasting form of synaptic plasticity (P . 0.05; Fig. 7B ). We then investigated hippocampal LTP, which is considered a major physiological mechanism of learning and memory (15, 31, 32) . The fEPSP of the CA1 region of the hippocampus The baseline fEPSPs as well as evoked potentials after the TBS induction were recorded for each brain slice. The comparative analysis of the time course revealed that the mutant mice had a significant deficit in hippocampal LTP (P , 0.05) (Fig. 7C) .
Hydrocephalus
Approximately 93.5% of Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ mice have a normal appearance, with only small reductions in body weight and body length (nose to anus) (Fig. 8) . However, 6.5% of Dp(10)1Yey/+; Dp(16)1Yey/+;Dp(17)1Yey/+ mice exhibit rounded and enlarged craniums at 6 -8 weeks of age. The mutant mice exhibiting this phenotype usually died at 8 -10 weeks of age. Further examinations revealed that these mutant mice had hydrocephalus, with lateral ventricles of the brains abnormally dilated (Fig. 9A ). In these mutant mice, we also detected aqueductal stenosis as an associated defect (Fig. 9B) . No hydrocephalus has been detected in any wild-type littermates.
DISCUSSION
Because DS is caused by the triplication of Hsa21, and the orthologs of the Hsa21 genes are located in three syntenic regions in the mouse genome, an ideal mouse model of DS should harbor Hsa21 (13) or segmental trisomies for all three mouse syntenic regions. These types of models have been considered important genetic tools for advancing DS research (33) (34) (35) (36) (37) (38) . Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice generated from this study carry a genotype of such desired models.
Recent studies suggest that the alteration of a biological pathway and, in turn, a DS phenotype could be the consequence of a functional interaction of two or more triplicated Hsa21 gene orthologs (39) . Dyrk1a, one of the gene orthologs triplicated in Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice, has been proposed as a causative ortholog for the abnormal cognitively relevant phenotype in DS (39, 40) . However, the triplication of the Dyrk1a ortholog alone by BAC transgenics causes enhanced hippocampal LTP in mutant mice (41) , even though Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice exhibited reduced hippocampal LTP. Similarly, the triplication of 12 genes in the Hsa21 syntenic region on Mmu17 was found to be associated with enhanced hippocampal LTP in Ts1Yah mice (25) . The latter suggests that the cognitively relevant phenotypes in DS are the consequence of interactions among Hsa21 genes whose orthologs are located in different syntenic regions in mice. Therefore, Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ is a more desirable genotype for modeling human trisomy 21. Furthermore, our results show that when we recreated the evolutionarily conserved genotype, the final outcome at the phenotypic level also appears to be evolutionarily conserved: the DS-related abnormalities in the central nervous system, including impairments in learning, memory and hippocampal LTP as well as hydrocephalus (10) . These results strengthen the possibility that the Dp(10)1Yey/+; Dp(16)1Yey/+;Dp(17)1Yey/+ mice could potentially be used as one of the reference models for understanding developmental cognitive disability in DS.
Another popular mouse model for DS is Ts65Dn mice. Ts65Dn is a derivative chromosome of a reciprocal translocation, and the studies on other mutant mice have shown that the presence of translocation chromosomes may be associated with impaired gametogenesis (42, 43) . Ts65Dn mice are maintained in the B6C3HF1 background, and backcrossing Ts65Dn mice to inbred wild-type mice has led to drastic reduction in fertility, probably because the adverse effects of the Ts65Dn chromosome on spermatogenesis and oogenesis are more severe in an inbred background. On the other hand, no impairment of fertility has been observed after Dp(10)1Yey/+, Dp(16)1Yey/+ and Dp(17)1Yey/+ mice were backcrossed to C57BL/6J mice for five generations, probably because these mutants do not carry a translocation chromosome and the third copies of the Hsa21 syntenic regions in these mutants are present as genomic duplications embedded within the original chromosomes. Ts65Dn mice and Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice shared the similarities in impairments in hippocampal-mediated behaviors and hippocampal LTP (19, (44) (45) (46) (47) (48) (49) , suggesting the critical genes associated with these phenotypes may reside within the Mrpl39-Zfp295 genomic segment (Fig. 1) . However, the result from Ts1Yah mice suggests that the orthologs of Hsa21 genes in other syntenic regions also contribute significantly to the DS-related phenotypes in patients with trisomy 21 and in Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice (25) .
Hydrocephalus and associated aqueductal stenosis has been observed in patients with DS (50) (51) (52) (53) . On the basis of the analysis of 2894 cases of DS, Torfs and Christianson found a 10.1-fold increase in the incidence of hydrocephalus in DS patients compared with the non-DS population (P , 10 26 ) (10). Among mouse models of DS, enlargement of brain ventricles has been observed in Ts2Cje mice (54) that have the same triplicated region as the Ts65Dn mice (55) . However, the hydrocephalus observed in Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ mice has not been reported in any other mouse models of DS. There are no known genes on Hsa21 at present that are associated with hydrocephalus. Our result suggests that hydrocephalus may be caused by the triplication of an Hsa21 gene ortholog that is not triplicated in Ts2Cje or by the functional interactions between triplicated genes located in the Mrpl39-Zfp295 region (Fig. 1 ) and in another Hsa21 Figure 7 . Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice are impaired in hippocampal LTP. The electrophysiological recordings were carried out using hippocampal slices. (A) Input-output curves generated by applying stimuli of increasing intensity and measuring the initial slopes of the fEPSPs for the mutant mice (n ¼ 13) and the wild-type littermates (n ¼ 14). (B) Paired-pulse facilitation was measured by applying two closely spaced stimuli for the mutant mice (n ¼ 18) and the wild-type littermates (n ¼ 17), which was expressed as the ratio of the second synaptic response to the first synaptic response as a function of interpulse interval. (C) For analyzing hippocampal LTP, the fEPSP was induced by TBS. Recordings were carried out before and after the TBS inductions for the mutant mice (n ¼ 7) and the wild-type littermates (n ¼ 7). Evoked potentials were normalized to the fEPSP recorded prior to TBS induction (baseline ¼ 100%). The data are presented as the percentage of fEPSP as a function of time. Figure 8 . Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)Yey/+ causes small reductions in body weight and body length. Body weights (A) and body lengths (nose to anus) (B) of the male Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)Yey/+ mice (n ¼ 7) and the male wild-type littermates (n ¼ 9) are shown.
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Human Molecular Genetics, 2010, Vol. 19, No. 14 syntenic region(s). These possibilities can now be examined in animal models for the first time. Beta-amyloid plaques and neurofibrillary tangles are the most commonly observed Alzheimer-type neuropathology in patients with DS after 40 years of age. But the analysis of Ts65Dn mice and Tc1 mice revealed no amyloid plaques or neurofibrillary tangles in these models (13, 19, 56) . We also performed a preliminary examination of the brains of Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice at 12, 15, 18 and 26 months of age using immunohistochemistry and thioflavin-S staining, as described in Materials and Methods. Our result shows no evidence of beta-amyloid plaques or neurofibrillary tangles in our mutant mice, although the transcriptional level of App was increased by 50% in the mutant mice (26) . The reason for this difference between patients with DS and Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ mice is currently unknown.
Although more than one gene may contribute to a DS phenotype, recent studies also suggest that, for some specific phenotypes, individual genes could be identified for playing the conspicuous roles by the gene-subtraction strategy (57) (58) (59) (60) .
In those experiments, a compound mutant was generated to carry a null allele of the gene and a triplicated Hsa21 syntenic region that often was Ts65Dn. The contribution of the gene to the phenotype was established based on elimination or significant alleviation of a DS-related phenotype observed in a segmentally trisomic mouse strain (57 -60) . Because of the difference between Ts65Dn and Dp(10)1Yey/+; Dp(16)1Yey/+;Dp(17)1Yey/+ mice, introducing the genotype of Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+ into the compound mutants in future gene-subtraction experiments would enable us to assess the role of an Hsa21 gene ortholog that is not triplicated in Ts65Dn.
The advance of chromosomal manipulation technologies has made it possible to establish the desired trans-species and segmental trisomic mouse models. These models should facilitate better understanding of the mechanisms underlying developmental cognitive disability in DS as well as the development of new therapies for this clinical phenotype of the disorder.
MATERIALS AND METHODS
Generation of mouse mutants carrying the desired duplications using Cre/loxP-mediated chromosome engineering
To generate Dp(10)1Yey in mouse ES cells, the pTV(10)1EP1-targeting vector ( Fig. 2A) was isolated from the 3
′ HPRT vector genomic library (61) using PCR primers 5 ′ -GCTGGCCTCTGACTGTCTTGTTCC-3 ′ (forward) and 5
′ -GGGGCCATGTCACTGTCCTGCTA-3 ′ (reverse). The pTV(10)1EP2-targeting vector ( Fig. 2A) was isolated from the 5
′ HPRT vector genomic library using PCR primers 5 ′ -TCTGGAGCCATCTTCATAAAGCTG-3 ′ (forward) and 5
′ -AACTCACCGGTGATTGTGAAGA-3 ′ (reverse). pTV(10)-1EP1 and pTV(10)1EP2 were used for inserting loxP into the regions proximal to Prmt2 and distal to Pdxk, respectively (Figs 1 and 2A) . To generate Dp (17)1Yey, a loxP site with the desired orientation was inserted into a region proximal to Abcg1. For this specific targeting, the pTV(17)1EP1-targeting vector was constructed by reversing the orientation of the mouse genomic insert in MICER clone MHPP309a23 using the restriction enzyme site AscI that flanks the insert (Fig. 2E) (62) . In addition, to facilitate the generation of a gap probe (Probe 17B) for Southern blot analysis, a 2.7 kb AflII-AflII fragment was deleted from the mouse genomic insert in the pTV(17)1EP1. MHPN353c19 was utilized as the pTV(17)1EP2-targeting vector for inserting loxP into the region distal to Rrp1b (Fig. 2E) (62) .
The AB2.2 ES cells (63) were cultured for electroporation, as described previously (64) . Prior to electroporation, the targeting vectors were linearized in the homology regions by digestion with the desired restriction enzymes. The linearized targeting vectors were electroporated into ES cells, which were then selected with G418 or puromycin. Single-targeted ES cell clones were identified by Southern blot analysis using PCR products as probes ( Fig. 2A and E) . A Cre-expression vector, pOG231 (65) , was transfected into double-targeted ES cell clones by electroporation to induce Cre/loxP-mediated chromosomal rearrangements, as described previously (66, 67) . The clones of ES cells carrying the duplications on Mmu10 or Mmu17 were identified by Southern blot analyses of NheIdigested ES cell DNA with Probe 10B or EcoRI-digested ES cell DNA with Probe 17A, respectively. Germ-line transmitting chimeras were generated from the ES cell lines carrying the duplications by microinjecting them into blastocysts that were isolated from albino C57B6/J-Tyr c-Brd females, as described previously (68) . Dp(10)1Yey/+ and Dp(17)1Yey/+ mice were identified by Southern blot analyses of NheI-digested tail DNA with Probe 10B or EcoRI-digested tail DNA with Probe 17A, respectively (Fig. 2B and F) and confirmed by FISH (see below). 
Fluorescent in situ hybridization
The interphase nuclei of embryonic fibroblasts were prepared, as described previously (69) . BAC clones were used as probes for FISH. To detect the chromosomal duplication between Prmt2 and Pdxk, BAC clone RP23-175G11 was labeled with digoxigenin and detected with anti-digoxigenin-rhodamine antibody. BAC clone RP23-150E20 was labeled with biotin and detected with fluorescein isothiocyanate-avidin. Chromosomes were counter-stained with DAPI (4 ′ ,6 ′ -diamidino-2-2phenylindole) (Fig. 2D) . To detect the chromosomal duplication between Abcg1 and Rrp1b, BAC clone RP23-304G12 was labeled with digoxigenin and detected with anti-digoxigenin-rhodamine antibody. BAC clone RP23-103F2 was labeled with biotin and detected with fluorescein isothiocyanate-avidin (Fig. 2H) .
Mice
The mutant mice and littermates were maintained at a temperature-and humidity-controlled animal facility. Unless otherwise noted, mice used in the experiments were 2 -4 months old. Before behavioral experiments, each mouse was prehandled for 2 min every day for a week. The experimental procedures were approved by the Institutional Animal Care and Use Committee.
Array-based CGH
To confirm the genotype of Dp(10)1Yey/+;Dp(16)1Yey/+; Dp(17)1Yey/+ mice, an oligonucleotide array containing 244 000 probes designed for mouse CGH was utilized (Agilent Technologies), which is composed of 60-mer oligonucleotides at an average spatial resolution of 6.4 Kb. The genome coordinates of the probes in the array were predetermined by Agilent Technologies. Genomic DNA was prepared from the tail tissue of a male mutant mouse using a DNeasy Tissue Kit (Qiagen Inc., Valencia, CA, USA). Genomic DNA isolated from a wild-type female littermate was used as the reference control. The genomic DNA from the mutant mouse and the wild-type littermate (1 mg each) was fluorescently labeled using an Agilent Genomic DNA Labeling Kit. Hybridization to the Agilent mouse 244K CGH array was performed for 40 h at 658C. After hybridization, the slide was washed and scanned in an Agilent microarray scanner to generate high-resolution images for both Cy3 (the mutant mouse) and Cy5 (the wild-type littermate) channels. Image analysis was performed using Feature Extraction version 9.1 and CGH Analytics version 3.4.27 (Agilent Technologies Inc., Santa Clara, CA, USA).
Real-time quantitative PCR
Real-time quantitative PCR was used to analyze RNA levels of the genes located within the duplicated intervals in mutant mice. Gapdh is located on Mmu 6 and served as a reference gene of the disomic state for all the mice examined. Total RNAs were isolated from mouse brains using TRIzol Reagent (Invitrogen Corp., Carlsbad, CA, USA). An amount of 1 mg of the pooled RNA from three mice with the same genotype was used to generate cDNA by using Superscript version III reverse transcriptase (Invitrogen Corp.). The specific primers and probes for the genes were obtained from the TagMan w Gene Expression Assays System of Applied Biosystems, Inc. A 0.5 mg of cDNA from each genotype was analyzed by ABI 7900HT Real-Time Thermocycler (Applied Biosystems, Foster City, CA, USA) with the following amplification conditions: an initial activation and denaturation at 958C for 10 min, followed by 40 cycles of denaturation at 958C for 15 s and primer annealing and extension at 608C for 1 min.
Morris water maze test
A standard Morris water maze test was carried out in a circular pool (152 cm in diameter) of water at 25 + 18C (70 -73) . The experimental data were collected and analyzed using HVS Water 2020, an imaging-tracking and analysis system (HVS Image Ltd, Twickenham, Middlesex, UK). Each mouse had four trials each day. Visible-platform and hidden-platform training trials were carried out on day 1 and days 2-7, respectively. The amount of time spent finding the platform (latency), the distance traveled (path length) and the swimming speed were recorded. On day 8, a probe test was performed in which the platform was removed from the water and each mouse was allowed 60 s to search the pool. The time spent in each quadrant was measured.
Grip-strength measurement
The muscle strength of the mice was evaluated by a gripstrength meter (Columbus Instruments, Columbus, OH, USA). To measure the forelimb grip strength, a mouse was led to grip the grid of the apparatus using its forepaws. The mouse was then gently pulled away horizontally until its grasp was broken. The peak tension was measured by the gripstrength meter. The test was repeated five times for each mouse, and the highest and lowest values were removed. The forelimb grip strength of the mouse was calculated based on the average of the remaining three values and normalized to its body weight. A similar procedure was used to measure the combined forelimb and hindlimb grip strength with the exception that the mouse was allowed to grip the grid by both the fore and hind paws.
Contextual fear-conditioning test
The contextual fear-conditioning test was performed, as described previously (70, 74) , using the Fear-Conditioning Video Tracking System (Med Associates Inc., St Albans, VT, USA). The test chamber floor was a grid of stainless steel rods connected to an electric shock generator. A video camera was mounted on the front wall and a ceiling light illuminated the chamber interior through the transparent ceiling. Prior to conditioning, each mouse had 2 min to explore the test chamber (baseline activity). A foot shock (1 mA scrambled) was then administered for 2 s, which was controlled by a computer program (Video Freeze Software V.1.8, Med Associates Inc.). The mouse was removed from the chamber 30 s later. Approximately 24 h later, each mouse was returned to the chamber and monitored for freezing behavior for 3 min during which no foot shock was delivered.
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Human Molecular Genetics, 2010, Vol. 19, No. 14 Freezing behavior was recorded automatically by the Video Freeze Software. Mean freezing activity during the contextual exposure was calculated as a measure of contextual learning. Two hours after the 24 h context test, the context was altered by cleaning the chamber with 1% acetic acid, covering the grid floor with a sheet of Perspex and inserting two sheets of Perspex into the chamber to give it a prism shape. Each subject was placed into the altered chamber and allowed 2 min for exploration. The freezing activity in the altered context was used to assess simply suppressed activity during all conditions (generalized freezing) (30) . Seventy-two hours after the initial training, each mouse was again placed in the original test chamber for a final 3 min of observation without any foot shock being delivered.
Foot-shock sensitivity test
To facilitate accurate interpretation of the data from the fearconditioning tests, we performed a foot-shock sensitivity test using the fear-conditioning test chamber. A foot shock was delivered every 10 s starting at 0.05 mA, with a 0.05 mA increment between each shock (75) . The minimal level of current needed to elicit flinching or vocalizing was recorded.
Electrophysiology
The procedures for electrophysiological recordings were described previously (76, 77) . Briefly, hippocampal slices (400 mm) from the mice were prepared as described (78) and allowed to recover in a holding chamber for at least 1 h. For electrophysiological measurements, a single slice was then submerged in artificial cerebrospinal fluid (ACSF) within a temperature-controlled tissue chamber and superfused with oxygenated ACSF. The ACSF contained 120 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 1.0 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 2.5 mM CaCl 2 and 11 mM D-glucose. To record fEPSPs, the stimulating and recording electrodes were placed in the Schaffer collaterals and stratum radiatum of CA1, respectively, separated by a distance of 200 -300 mm. Basal synaptic transmission was examined based on the relationship between the evoked presynaptic volley and the initial fEPSP slope (i.e. input -output curve). Then pairedpulse facilitation, a short-lasting form of synaptic plasticity indicative of presynaptic release probability, was assessed by measuring two closely spaced synaptic responses (fEPSP2/ fEPSP1) at various interstimulus intervals. LTP was induced by TBS (15 bursts of four pulses at 100 Hz, delivered at an interburst interval of 200 ms) through the stimulating electrode. Recordings were carried out for 80 min for each brain slice (20 min of baseline recording and 60 min after the TBS induction). Traces were obtained by pClamp 9.2 and analyzed using the Clampfit 9.2 program (Molecular Devices, Sunnyvale, CA, USA).
Magnetic resonance imaging
The mice were transcardially perfused with 20 ml of PBS followed by 30 ml of 4% paraformaldehyde. Skin from the heads was removed, and the heads were then immersed in 4% paraformaldehyde at 48C overnight. Magnetic resonance (MR) imaging scans were performed using a General Electric (GE) CSI 4.7 T/33 cm horizontal bore magnet (GE NMR Instruments, Fremont, CA, USA) with upgraded radio frequency (RF) and computer systems incorporating AVANCE digital electronics (Bruker BioSpec platform with Para-VisionR Version 2.1 Operating System, Bruker Medical, Billerica, MA, USA). MR data were acquired using a G060 removable gradient coil insert generating a maximum field strength of 950 mT/m and a custom-designed 35 mm RF transceiver coil. High-resolution T2-weighted rapid acquisitions with relaxation enhancement MR imaging pulse sequences were used to obtain multi-slice images. MR data analyses were carried out using Analyze PC (Version 7.0, AnalyzeDirect, Overland Park, KS, USA) and MATLAB (Version 7.0; Mathworks Inc., Natick, MA, USA).
Tissue processing, histology, immunohistochemistry and thioflavin-S staining
To collect brain tissues for analysis, the mice were perfused intracardially with 20 ml of PBS (pH 7.2), followed by 30 ml of 4% paraformaldehyde. The brains were removed and postfixed in 4% paraformaldehyde at 48C overnight. The tissues were further processed by the Roswell Park Cancer Institute Pathology Core Facility. Tissue processing and immunohistochemistry were performed as described (79) . For detecting aqueducts, 100 mm thick brain sections were obtained by vibratome sectioning and stained with hematoxylin. Antibody 14F1 (Immuno-Biological Laboratories, Minneapolis, MN, USA), which recognizes both mouse and human APP proteins (80) , was used to detect amyloid plaques. Thioflavin-S staining was performed according to the standard procedure (81) . To detect Alzheimer-type neuropathological changes, Tg(APPswe,PSEN1dE9)85Dbo/J mice (82) of the same ages were used as a control. Five mice per strain were used for examining amyloid plaques and neurofibrillary tangles at 12, 15 and 18 months of age. Three mice per strain were used for the same examination at 26 months of age.
Statistical methods
The data from the Morris water maze probe test, grip-strength measurement, contextual fear-conditioning test, foot-shock sensitivity test and body-weight and body-length measurement were subjected to a one-way ANOVA between genotypes. ANOVA did not detect any effects from gender in all the behavioral tests, so the data from males and females were pooled and analyzed together for these experiments. Data from the 6-day training trials of the Morris water maze hidden-platform version were analyzed using a two-way (genotype × day) ANOVA, with the genotype as a between-subject factor and the day as a repeated-measures factor. The electrophysiology data were analyzed with a Student's t-test. All values reported in the text and figures were expressed as means + S.E.M.
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